Growing evidence suggests that speech intervention using visual biofeedback may benefit people for whom visual skills are stronger than auditory skills (for example, the hearing impaired population, Bacsfalvi et al., 2007) , especially when the target articulation is hard to describe or see. Diagnostic ultrasound can be used to image the tongue and has recently become more compact and affordable leading to renewed interest in it as a practical, non-invasive visual biofeedback tool. In this study we evaluate its effectiveness in treating children with persistent speech sound disorders that have been unresponsive to traditional therapy approaches.
Introduction
Developmental speech sound disorders (SSDs) are a common communication impairment in childhood, affecting between 10% and 15% of pre-school children and 6% of school-aged children (American Speech-Language-Hearing Association (ASHA) 2000; McLeod and Harrison, 2009 ). They are a heterogeneous group with differential diagnoses such as (consistent/inconsistent) phonological delay/disorder, developmental verbal dyspraxia (childhood apraxia of speech) and articulation delay/disorder (see Waring and Knight, 2013 for a review of the classification of SSDs).
While there is evidence that SSDs, especially phonological delay/disorder, are amenable to remediation using auditory based methods, such as minimal pairs and core vocabulary therapy (Broomfield and Dodd, 2011; Law, Garett and Nye, 2003) there remains a proportion of children who are unresponsive to conventional intervention, defined as persistent SSD, or intractable SSD (Wood and Scobbie, 2003) . For these children, visual biofeedback methods such as electropalatography (EPG) and ultrasound visual biofeedback (U-VBF) are thought to provide the missing piece of the puzzle by making internal cues such as tongue shape and position explicit (Gibbon et al., 1999) and thus allowing these children to learn new articulations or sequences of articulations. Over the last 30 years a large number of small n studies have shown that EPG is potentially effective at remediating intractable SSDs (Gibbon, 2013) . However, larger studies are lacking with a Cochrane review of EPG for the treatment of cleft palate speech (Lee, Law and Gibbon, 2009 ) finding that only one small (n=6) study (Michi et al., 1993 ) met inclusion criteria. The lack of larger randomised control studies may be due to logistical problems with manufacturing individualised EPG palates. In this study we look at the potential of a different visual biofeedback technique for the treatment of persistent SSDs, ultrasound tongue imaging (ultrasound visual biofeedback, U-VBF).
Visual biofeedback intervention for intractable SSDs.
The evidence for U-VBF therapy is small but promising, with only 19 small case or group studies reported in the literature. Most studies originate from the USA and Canada, with earlier studies focussing on children and young people with hearing impairment and later studies beginning to look at persistent SSDs (including Childhood Apraxia of Speech). Therapy has mainly addressed the production of the consonant /r/, because its accurate pronunciation is communicatively and socially important in North America. However, its use with other lingual speech sounds is less reported and it cannot be assumed that approaches that are effective for /r/ misarticulations will necessarily translate to other error types since /r/ is particularly late acquired and articulatorily complex (Gick, Bernhardt, Bacsfalvi and Wilson, 2008) which in turn effects motor learning (Maas et al., 2008) . It is surprising that other error types have been largely neglected given the range of lingua-palatal targets reported in the EPG literature and considering the underlying mechanisms behind the success of both techniques are likely to be the same. For example, to our knowledge no studies have reported on the use of U-VBF in the treatment of persistent velar fronting despite the fact that it has been the subject of several EPG studies (e.g. Gibbon, McNeill, Wood and Watson, 2004) and coronal/dorsal distinctions are clearly imaged with ultrasound. However, a recent study by Preston, McCabe, Rivera, Whittle, Landry and Maas (2014) shows promising results for U-VBF in treating residual SSDs. The authors employed U-VBF in the treatment of eight children (childhood apraxia of speech excluded, this group was the subject of a previous study, Preston Brick and Landi, 2013) , while all of the children focused on the correct production of /r/ either mainly or to some extent, half of the participants also underwent treatment for sibilants. It is not clear from the paper what the nature of the error types were, however we presume the children presented with typical developmental /r/ errors and lateralisation of sibilants is alluded to, although not explicitly described. Nevertheless, results were generally positive, with most participants making gains (an increase in percentage target segment correct of 39% in the first treated condition and 32% in the second) in untreated words and sentences. However, the results are somewhat limited because only one word context (e.g. word initial) with two variants (i.e. if word initial /r/ was treated only /re/ and /ro/ were taught) was treated in each block of therapy. Results are based on perceptual ratings with no ultrasound data given to confirm changes in tongue-shape post-therapy, possibly because the system used to collect ultrasound data does so only at 18 frames per second, which is adequate for viewing dynamic movements during therapy but makes analysis of specific time points tied to acoustic events difficult. Ultrasound systems with frame rates between 60 and 200fps are optimal for speech analysis (Wrench and Scobbie, 2011) .
Ultrasound tongue imaging.
Ultrasound Tongue Imaging (UTI) uses standard medical ultrasound to image the tongue in realtime. The probe is placed under the chin, allowing real-time visual feedback of most of the surface of the tongue in either the mid-sagittal or coronal plane. In both views, the imageable area is constrained by shadows from bone, with the tongue tip in particular being susceptible to a shadow from the mandible. Unlike EPG, the image is an anatomically correct representation of a slice of the speaker's own tongue. However, other relevant anatomical information, such as the lateral margins of the tongue and the relation of the tongue to the hard palate, are not visible in a typical midsagittal UTI image. Stone (2005) gives an overview of ultrasound tongue imaging, including how to interpret the image and different methods of stabilising the probe. Many clinical studies use handholding of the probe only, this is convenient and comfortable for the client, but leads to difficulties stabilising the images and measuring differences in tongue shape. Alternatively, the probe can be stabilised, to allow measurements to be taken and allow the clinician and speaker to be "hands free". In our study the probe was stabilised using a headset (see figure 3 below) to allow us to compare ultrasound images before and after therapy, however, it does result in some restriction of jaw movement. Figure one shows typical ultrasound images.
Insert figure one about here
The mechanisms underlying ultrasound visual biofeedback therapy.
The most commonly used interventions for SSDs (minimal pairs, auditory discrimination, phonological awareness are the most commonly used approaches, Joffe and Pring, 2008 ) rely on auditory skills; clients must listen to their own productions and modify them using auditory cues.
Visual biofeedback provides another modality, supplementing or even potentially circumventing the auditory system. Preston et al. (2013 and 2014) argue convincingly that U-VBF is a motor based therapy. Children who make inappropriate phonetic realisations of certain speech sounds do so because they have an inappropriate motor plan for that sound (Preston et al., 2014) . We expand this idea by suggesting that the inappropriate motor plan can be ascribed one of three categories. It may be identical to that of another phoneme resulting in homophony in the system (as in classic velar fronting). Alternatively, the motor plan is abnormal or underspecified resulting in something homophonous-sounding but nonetheless different in some way. In other words, a "covert contrast" (Gibbon and Scobbie, 1997) appears where a child who was previously thought to have collapsed two categories (i.e. velars and alveolars are both transcribed as [t] resulting in the clinician believing the child presents with the phonological process of velar fronting) does in fact have two phonetically distinct realisations, for example /t/[t] and /k/[ṯ]). In this case, instrumental analysis shows that the child is producing two distinct phonemes that are imperceptible to the listener. Lastly, the motor plan is abnormal to the extent that it results in the realisation of a non-native speech sound, as is the case for lateral lisps in English speakers.
U-VBF provides the learner with an opportunity to acquire a new motor plan because it supplies a novel type of "knowledge of performance" (Preston et al., 2013 and Preston et al., 2014) .
Prior to U-VBF some knowledge of performance is available to speakers via both the auditory consequence of the movement and somatosensory feedback (they can feel their own tongues moving), but it seems that , even though the technique uses an unfamiliar type of image of a poorly specified aspect of the speaker's own articulation, the real-time visual information somehow boosts feedback, hence leading to acquisition of articulations which was not previously possible (i.e. through traditional articulation therapy, which uses placement cues). Once a new general motor plan for a movement is established, transitioning from constant (e.g. producing the new articulation in only CV) to variable practice leads to better retrieval and flexibility of the motor plan, or essentially generalisation of the new articulation across speech. In Preston et al.'s (2014) study they do this by varying prosody (which was actually no more effective than not varying prosody) and teaching the new segments in limited contexts. In his study (Preston et al., 2014) , /r/ is typically taught only in CV with two different vowels. In contrast, in the current study we pursue a different treatment model. We aim to move quickly from any context in which there is a correct production by varying the position within words and vowel context (all vowels of Scottish English) to promote rapid generalisation across the child's system, thus maximising the amount of therapeutic feedback on articulatory shape, location and dynamics on the one hand, and broadening experience of specific or holistic aspects of the acoustic output on the other.
Previous research (e.g. Berhardt, Bacsfalvi, Gick, Radanov and Williams, 2005; Byun, Hitchcock and Swartz, 2014) on U-VBF have presumed that it is crucially the biofeedback aspect of the technique that leads to its success, with the contribution of demonstration of tongue movements by another speaker rarely explored. Preston et al. (2013 and 2014) has focused on the theory that the success of U-VBF is attributable to the knowledge of performance supplied by the visual display of the speaker's own tongue. While we agree that U-VBF is a strongly motor-based therapy, this theoretical perspective does not account for the contribution which the demonstration of typical target tongue shapes by normal speakers plays (primarily the clinician in this setting).
Research in other fields, particularly second language acquisition (see Ouni, 2011) , has highlighted the potential value of demonstrating articulatory movements to learners. Moreover, Krӧger, GrafBorttscheller and Lowit (2008) showed that 25 children aged 4;6 to 10;7 with articulation disorders were able to recognise the phonetic features of a range of consonants and vowels with accuracy rates of 63% from a 3D model and 61% from a 2D-model. The children were asked to view silent movies of the phonemes and vocalise what they considered the best fit for the movie. Whilst this study did not investigate whether the articulatory animations improved progress in therapy, the authors conclude that the study does show an intuitive ability to tongue-read from a Talking Head model in school-aged children.
Another study (Cleland, McCron and Scobbie, 2013) showed that tongue-reading is possible from both EPG and ultrasound displays. In this study phonetically naïve typical adults viewed realtime and slow motion EPG and ultrasound silent movies of ten different linguo-palatal consonants and four vowels. Participants selected which segment they perceived from four forced-choice options where only one choice was possible (for example, options did not differ only in voicing since EPG/Ultrasound is not able to show voicing). Participants performed above chance for both EPG and ultrasound for consonants but at chance level for vowels with ultrasound. This study concludes that ultrasound and/or EPG might be used as models in studies which wish to investigate the use of Talking Head-type models. Indeed, Bernhardt et al. (2005) suggest that EPG and U-VBF therapy begin with demonstration of the target articulation, usually by the clinician. It is likely that articulatory models (or "Talking Heads") are the starting point of all VBF interventions, but their use is often not explicitly mentioned or explored, nor do any studies report on the use of EPG or ultrasound purely as visual articulatory models without the speaker-specific biofeedback.
Purpose and hypotheses
The purpose of the current study was to pilot the use of U-VBF with children with intractable SSDs with a variety of lingual articulatory errors. We sought to recruit children with errors other than developmental /r/ errors (gliding) to test that hypothesis that U-VBF can be used for a much wider variety of articulatory errors. In addition, we explicitly incorporated the use of ultrasound articulatory models into our motor-learning paradigm (see below) by showing all children dynamic ultrasound video of typical speakers in the same age range. Whilst previous studies allude to using clinician models, to our knowledge no study has systematically used age-matched models. Lastly, we hypothesised that the introduction of multiple articulatory contexts early-on in therapy would lead to generalisation across word position and vowel contexts of the taught segments.
Method

Participants
Eight participants aged 6;0 to 10;1 with persistent primary SSDs were initially recruited from local Speech and Language Therapists. We requested children aged over six with lingual errors which had been unresponsive to treatment. All participants were monolingual speakers of English (though participant 04M, later excluded, had lived in Greece until three years old) and all had received speech therapy in the past, but not using any visual biofeedback methods. Children were excluded if they had more than 30% segment correct at baseline probes (see below).
Design
The study is best described as a case series. Each child underwent two baseline probes (weeks 1 and 6 with no contact between) to establish stability of speech errors (to confirm reports from the referring clinicians) and to allow us to do an in-depth diagnostic analysis of their speech.
Intervention occurred over 12 weekly therapy sessions, with a mid-therapy probe at sessions 6 (week 12). Finally there were a pair of post-therapy maintenance probes 6 weeks apart, first immediately post-therapy (week 19) and again, after no contact, at week 25. See 
Pre-Therapy Assessments: Baseline 1 & 2 Language and Speech Assessments
The participants completed a battery of standardised speech and language assessments undertaken at either baseline 1 or 2.
Receptive Vocabulary
The British Picture Vocabulary Scales-3 (BPVS-3, Dunn, Dunn, Styles and Sewell, 2009 ) were used as a measure of receptive vocabulary. This assessment covers a wide age range. It is a multiple-choice test in which participants must select one of four pictures to match a single word spoken by the tester.
Receptive and Expressive Language
The Clinical Evaluation of Language Fundamentals-4UK (CELF-4UK, Semel, Wiig and Secord, 2006) core language score was used to measure receptive and expressive language.
Oromotor Function
Oromotor function was assessed using the Robbins and Klee clinical assessment of oropharyngeal motor development in young children (RK, Robbins and Klee, 1987) . In this assessment, children are required to perform speech and non-speech oral movements, which are scored as either adult-like (2 points), approaching adult-like (1 point) or absent (0).
Ultrasound Recording of Speech Measures
Unlike any previous studies of U-VBF intervention (for example Bacsfalvi and Bernhardt, 2011; Byun et al., 2014) we used a high-speed, probe-stabilised ultrasound system (Scobbie, Wrench and Van der Linden, 2006, see figure 3 ). This allows analysis of changes in tongue shape longitudinally, in particular pre vs. post-therapy, allowing us to supplement perceptual data with qualitative and quantitative analysis of the mid-sagittal profile of the tongue. The headset was fitted in such a way that the mandible and hyoid shadows were symmetrical on the image, thus ensuring we could see as much of the tongue as possible. It is not possible to see the hard-palate during speech due to the air boundary at the surface of the tongue, with the shape of the palate only able to be inferred when the tongue is pressed against the palate. Children were therefore asked to swallow at the beginning and end of recording sessions to allow us to record the location of the hard palate. The headset can become heavy and uncomfortable over time and for this reason sessions were restricted to a maximum of 50mins and removed sooner at participant's request. All children tolerated the headset during all recording sessions without having to remove and refit it. Whilst the headset does restrict jaw movement somewhat, we ensured that all speakers were able to articulate the Scottish English vowels /i,a,o/ comfortably before beginning as part of our protocol for fitting the headset.
Ultrasound data was acquired using an Ultrasonix SonixRP machine remotely controlled via All of the participants were recorded with ultrasound for all speech measures at all five probe time points and the same system was conveniently used to provide the real-time visual feedback therapy.
By using the probe stabilisation headset during therapy we were able to avoid the situation where the ultrasound image is subject to excessive movement during the session. Only during intervention were the children able to see the ultrasound image and therefore there was no biofeedback available during probes. Recordings and therapy took place in a sound-treated studio with the SLT sitting alongside the participant. Simultaneous acoustic and lip-camera recordings (~60fps) were also made, using an audio technica 803D clip-on microphone sampling at 22050Hz and a NTSC microcamera synchronised to the audio.
Insert Figure 3 About Here Standardised Speech Measures
At baseline 1 the participants completed the articulation and phonology subtests of the Diagnostic Evaluation of Articulation and Phonology (DEAP, Dodd, Hua, Crosbie, & Holm, 2002) . The DEAP was administered and scored by the treating clinician (the first author) only as it was used to determine therapy targets rather than as a quantitative measure of change. All speech measures were recorded with simultaneous ultrasound (see above). The articulation subtest is a picture naming task consisting of 30 words with each phoneme of English in at least one phonotactic position in a word.
Any phonemes which are produced inaccurately are subjected to a stimulability test whereby participants are asked to imitate the segment in CV/VC (or vowel in isolation) or in isolation. This test allowed us to determine which, if any segments, participants were unable to articulate prior to intervention as VBF is thought to be most useful for establishing motor programmes for new articulations (Gibbon & Wood, 2010) . In addition the phonology subtest was repeated at both baselines. This test is a measure of consonant production in 50 single words, covering most consonants of English in word initial and final positions. The phonology subtest allows an overall calculation of percentage consonants correct (PCC). Table one shows the group results for the pretherapy measures, with numbers expressed as standard scores or percentages as appropriate.
Insert Table One About Here
In order to determine which consonants should be the focus of therapy, all errors produced in the phonology subtest of the DEAP at B1 were subjected to a process/pattern analysis, following instructions in the DEAP manual. This should not be taken to mean that the errors are a result of a specifically phonological impairment, rather, whilst some errors are traditionally thought to be phonological in nature, for example fronting of /k/ to [t] (Grunwell, 1985) , other processes are more usually thought to be phonetic/articulatory in nature, for example, lateralisation of /s/ (Gibbon & Hardcastle, 1987) . Nevertheless, the pattern analysis was undertaken as a method of describing the children's speech sound errors with no prior assumptions about the underlying cause of those errors. To determine which errors were most likely to impact on intelligibility, any error occurring fewer than three times in the DEAP was discounted (Dodd et al., 2002 
Probes
Following the DEAP phonology and articulation subtests at B1, a wordlist/s targeting each child's specific lingual errors was selected from a battery. Children were required to produce less than 30%
probe segments accurately in order to be included in the study, participant 04M was therefore excluded at this point as his issues were more to do with sequencing of sounds at sentence level than correct production in single words. These probes or wordlists were recorded at each timepoint: baseline, mid-therapy and post-therapy maintenance. Wordlists consisted of 50 untreated words on average. These words were never used in the course of therapy, allowing us to check for generalisation of targets. Each wordlist contains the "in error" lingual targets (denoted by shading in table 2) in singleton word initial, medial and final positions in a variety of vowel environments, plus clusters. Minimal pair comparison words (as appropriate, where the child's error resulted in homophony) and sentences were also collected. In this paper we present data from only one therapy target per child, however, several of the children presented with multiple errors (see Table   2 ). Other errors were targeted if the primary target reached 80% accuracy during the course of therapy, but here we reported only what was treated first in therapy in order to allow us to present consistent maintenance data.
A narrow phonetic transcription of the probe data (target segments only) was performed by the treating clinician using the acoustic, ultrasound and lip-camera data. This allowed us to calculate a specific percentage segment correct at each time point. Two final year Speech and Language
Therapy students who had completed their phonetics training provided inter-rater reliability for the 50% of the untreated wordlists.
In addition a qualitative ultrasound analysis was undertaken at B1 and Post-therapy time point M1 of singleton consonants in the single non-treated words. Using AAA software (Articulate Instruments, 2012) fricatives were annotated at the acoustic midpoint and stops at the burst. For each segment, the nearest ultrasound frame to the midpoint/burst was selected and a spline indicating the tongue surface fitted to the image using the semi-automatic function in AAA software (Articulate Instruments, 2012) . The user draws a spline in the region of the ultrasound image of the tongue and AAA's local edge-tracking function is used to search for the best edge locally, to assign a confidence value to each of the control points on the equally-spaced 42-fan measurement grid, and to smooth the spline to the requested degree. It should be noted that the accuracy of the actual location of each spline, though semi-automatically placed, is the responsibility of the trained analyst.
AAA allows multiple splines from multiple tokens to be exported to a "workspace" to allow direct comparison of tongue surface shapes and locations from a single target. Tongue splines were then averaged across a session to give a holistic impression of the child's articulatory target for each segment, where the average can be compared to other segment averages, other sessions, or the articulatory landmark of the hard palate. Splines were normalised by rotation and/or transformation across sessions using hard-palate traces as a key reference, to allow for different placements of the stabilisation headset that inevitably occur when the headset is refitted anew across sessions. showed discrimination problems, for example with minimal pair discrimination. Each participant was also given individualised homework exercises and was instructed to practise for 10 to 15 minutes, five days a week. However, all parents reported practicing only once or twice a week due to other family commitments. The focus of therapy was based on the error analysis outlined above. Children did not receive any other speech and language therapy whilst taking part in the research project.
Since this was a pilot study, designed to test whether it was possible to treat a wider-range of lingual errors than previously reported, we did not operationalise the treatment protocol.
Children's therapy was individualised to suit their age and types of speech errors. However, a general protocol was followed for the trajectory of sessions. The first therapy session for each child focused on learning to associate the movement of the ultrasound image on the screen with the movement of their own tongue by demonstrating control of tongue shapes already in their inventories. All children were able to do this within the first 15mins of the first session, except 06M who required further work across sessions two and three. The second phase of treatment (in either the first or second treatment session) was the use of ultrasound as a visual articulatory model, whereby the dynamic nature of speech was highlighted using pre-recorded videos of ultrasound as target movements. Target movements were taken from the Ultrax corpus of child speech (http://www.ultrax-speech.org) and hence were tongue movements of typically developing children the same age, sex and accent background of the participants. Using videos from other children, rather than live demonstration by the clinician allowed us to try different phonetic variants as targets and allowed the children to view tongues of a similar size to their own. Byun et al., (2014) found in their study of /r/ that it was necessary for children to be offered both bunched and retroflex variants of /r/ as targets, using a large corpus of tongue movements allowed us to do this easily, for both /r/ (for 02M) and other segments. It also allowed us to play the videos in real-time, slow motion (see the Seeing Speech web resource, 2014, for examples of slow motion ultrasound) and frame-by-frame (focusing on maximum point of articulation). The children were encouraged to watch these videos and their attention was drawn to the salient features of the target articulation.
For example, a velar stop is characterised by a raising of the back of the tongue towards the soft palate. Production practice was individualised, but followed a basic articulation hierarchy (Van Riper and Emerick, 1984), or motor-based approach (similar to Preston et al., 2014) , starting with the target phoneme in CV or VC (with a vowel likely to facilitate production, for example a back vowel for velars), progressing to CV and VC with differing vowels, through to words (building complexity) and then phrases and conversational speech. The children progressed to the next level of complexity as soon as they were able to achieve the previous level at 80% correct (i.e. If they could say /ko/ eight times out of ten they attempted all other vowels straight away and then moved to simple single words such as "came, cow, coop"). Most of the children were not initially stimulable for the target articulation (i.e. 01M, 05M, 06M, 07F were all unable to produce any velar in any context or in isolation) so therapy began with shaping the new articulation from phonetically similar segments. Velars were shaped from labial-velar /w/ or from /o/ (since the /o/ of GOAT is a midclose back rounded monophthongal vowel [o̝ ], while GOOSE's /u/, is central and mid height (Scobbie, Gordeeva and Matthews, 2006) . /r/ was shaped from / ʃ/ whilst encouraging retroflexion (asking the speaker to "curl his tongue backwards", as demonstrated by video). /t/ was shaped from /d/ (which was occasionally correct in participant 08M), and / ʃ/ was shaped from /tʃ/ which participant 03F was able to achieve inconsistently.
When the participant achieved an acceptable tongue shape which was also perceptually acceptable (as judged live by the treating clinician) then the participant's own best attempt could be used as a target tongue-shape. Generalisation was built into the sessions, with progression to productions without visual biofeedback as soon as the participant was able to achieve a new articulation in at least one vowel context ten times consistently. Use of the auditory feedback loop was also build in by encouraging participants to reflect on their own productions, both immediately after producing them and offline by listening to/watching their own pre-recorded attempts.
Results: Baseline
Language and Cognitive Measures
The speech, language and cognitive profile of the participants were in line with primary SSD.
Participant 03F presented with significant delays in language, but normal nonverbal ability, consistent with a diagnosis of specific language impairment with SSD. These measures were not available for 07F and 08M, but were reported to be normal by the referring SLT and these children presented with normal receptive vocabulary scores.
Selecting Therapy Targets: Error Analysis
Fourteen definable processes were identified in the single word productions of the DEAP phonology subtest. After eliminating the structural processes and processes not related to changes in place of articulation (i.e. processes where the change in motor programme cannot be readily viewed in the mid-sagittal plane), only five error types remained: gliding, velar fronting, post-alveolar fronting, backing and idiosyncratic /r/ production. The process with the highest number of errors, excluding gliding, was treated first in therapy. Four children were therefore treated for velar fronting; one for post-alveolar fronting; one for idiosyncratic backing (alveolars were produced as voiceless palatal lateral affricates) and one for idiosyncratic /r/ productions (/r/ was realised as a palatal lateral approximant). Table two shows the analysis of the DEAP errors and which segment was chosen for therapy, denoted by shading.
Insert Table Two However, given that she was stimulable for the post-alveolar sibilant before therapy, it is possible that she was in the process of acquisition naturally, making it more difficult to tell if the U-VBF was responsible for the progress.
Idiosyncratic Backing: Participant 08M
Participant 08M presented with an unusual case of backing where alveolar plosives were realised variably as velar stops, palatal stops or palatal lateral affricates. His speech was characterised overall by lateral release and lateral sibilants. Pre-therapy, he produced one production of [d] but was not stimulable for [t] . Treatment focused on establishing a consistently correct production of [t] and [d] and again was highly successful with 100% correct after therapy and 100% non-overlapping data.
This is borne out in the tongue shape data with a clear tip-down, dorsum raised production before therapy and typical [t] tongue-shape after. Moreover, although the ultrasound was used only in the mid-sagittal plane he was able to eliminate the lateral release from his plosives. However, both /s/ and /ʃ/, which were realised as labials with central airflow before therapy, had improved in place of articulation but become lateral after therapy (/s/[f] and /ʃ/  [ɸ]).
Idiosyncratic /r/: Participant 02M
Participant 02M presented with an unusual phonetic realisation of /r/ in the absence of any other errors, or a history of any other errors. He was unable to achieve a bunched or retroflex /r/ pretherapy, instead producing a palatal lateral approximate. The pre-therapy tongue-shape shows close approximation to the hard-palate and raised tongue-tip. During therapy he was taught a retroflex tongue shape and quickly achieved this but, post-therapy, tongue shape data shows a classic bunched shape. Nevertheless, post-therapy his productions of /r/ were 100% correct.
Results Summary and Quantification
The results are overwhelmingly positive with a mean increase in percentage segments correct from baseline to six weeks post-therapy of 95 percentage points (range 70 to 100) and clear differences in the tongue shape data. All children show 100% non-overlapping data suggesting that U-VBF may be highly effective at remediating previously intractable speech errors in children with primary SSDs, however further robust clinical trials are required to extend this pilot.
It is difficult to quantify statistically the difference between tongue shapes, but table 3 presents an analysis of the pre vs. post therapy tongue shapes based on the built-in difference function in AAA. See also the overall means in Figures 4-10 , which can be interpreted visually much in the same way as SS-ANOVA's confidence intervals: non-overlapping standard deviations indicate a significant difference (Davidson, 2006) . Table 3 adds more detail by estimating the size of the difference. Together, they locate and quantify the significant pre/post difference in tongue shape that was found for all participants. Significance is tested along each fan-line by built-in t-test. Our threshold for reporting and estimating the size of the significant difference between means is more stringent than finding a single significant difference between curves and reporting its size. Instead, we require a minimum number of adjacent t-tests to be significant at p<0.05 over a longer, contiguous region of the tongue surface, reflecting the fact that the adjacent parts of the tongue, and their distance from the fan-grid's origin (i.e. the centre of the probe) are not independent.
Specifically, we set a threshold at 6 adjacent fan lines (approximately 3cm of tongue surface) based on a measured lack of correlation between points that far apart. This means we do not claim any difference based on only a few significant t-tests from a small area of tongue surface. Depending on its distance from the probe, the actual length of tongue surface between each fan varies, and so the actual length of surface through which the 6 or more adjacent significant fan-lines pass is also reported (or rather the average based on the two conditions pre/post, since one is further from the probe, one closer). A pair of different tongue shapes may contain more than one of these conservatively defined regions of difference. In addition, we report a less cautious calculation in an attempt to capture the overall behaviour. We extend this region into and beyond other adjacent areas in which there is either no significant difference, or where the confidence of the location of splines as defined by AAA's edge-detection programme is low. This bolder measure requires at least one other significant comparison beyond the original conservative region of difference to act as its limit. Both the more and the less conservative results are reported for the length of tongue surface along which we found a difference. The mean difference between conditions, and the maximum difference on any single fan lines are also presented.
Insert table 3 about here
Discussion
This study assessed the effectiveness of U-VBF in seven children with primary intractable SSDs. We sought to extend previous uses of U-VBF to a wider variety of lingual articulatory errors and as such we report three previously unreported types of articulatory errors: incorrect production of velars, idiosyncratic backing, and idiosyncratic /r/ production. Each of the children had a history of SSD which had been unresponsive to conventional treatment; it is therefore likely that the large increase in percentage segments correct in the untreated probes was due the U-VBF. One child, 05M, made no progress in the first block of 12 sessions of U-VBF, but went on to make rapid progress almost a year later in a second block of the same therapy. This highlights the need to investigate more thoroughly in larger clinical studies the dosage required for U-VBF. Unlike previous studies, which relied upon perceptual judgement to assess change, we have used a high-speed, probe-stabilised ultrasound system which allows us to present pre and post-treatment tongue shape data for the first time. By averaging across multiple word positions and vowel contexts we are able to show large general changes in tongue-shape post-therapy (particularly in cases of velar fronting and alveolar backing).
Our results are very much in line with Preston et al. (2014) study of U-VBF for residual speech sound errors, despite differences in methodology, adding evidence to a growing body of research that suggests visual biofeedback might be a useful technique for providing a "breakthrough" for children with intractable SSDs. Both the Preston et al. study (2014) and ours capitalised on motor learning by providing learners with explicit knowledge of performance and by employing the principles of motor learning (Maas et al., 2008) including changing variables (for example vowel context) to encourage extension of a general motor plan to more complex movements, that is more complex contexts, such as use of a segment in multisyllabic words. However, it may not be the case that the success of U-VBF lies only in its provision of knowledge of performance. A distinction is made by Preston between knowledge of performance (qualitative feedback on the movement, as seen on U-VBF) and knowledge of results, which is the correctness of the attempt, essentially the acoustic consequence followed by a judgement of correct/incorrect by the clinician or the speaker themselves. However, articulatory movements (the "performance") cannot be entirely uncoupled from the "result", and this is especially the case when working at CV or VC level (rather than silent tongue movements), as we do even at the beginning of therapy. Even in traditional articulation therapy, speakers are aware of the acoustic consequence of their movements and therapists will encourage them to focus on articulatory placement which draws somatosensory feedback, or knowledge of performance, into sharp focus. Nevertheless, studies of VBF (particularly EPG in a large body of small n studies) seem to suggest that visual biofeedback offers children something new, or a breakthrough moment in acquisition of new articulations when other treatments have failed (Gibbon & wood, 2010) . It therefore certainly offers a novel, perhaps more explicit knowledge of performance.
The contribution of articulatory demonstration to U-VBF.
One aspect which has been so far neglected is the contribution of visual articulatory models, or "Talking Heads" to visual biofeedback techniques. Berhardt et al. (2005) summarise that U-VBF and EPG begin with the clinician demonstrating the target articulation to the client. Since ultrasound is used for demonstrating and treating articulations which are hard to see, and crucially hard to describe, the use of the visual model avoids unnecessarily complex language and instructions that may be difficult for children to understand (Cleland, Timmins, Wood, Hardcastle, and Wishart, 2009 ).
Anecdotally, parents of children with SSDs undergoing U-VBF often report that they did not fully understand the movements required for certain articulations prior to viewing ultrasound and one of the children in our study (07F) commented that a velar was "impossible" the first time she viewed an ultrasound movie of that segment, highlighting the lack of understanding she had as to the movements required to achieve a velar despite previous therapy targeting this very sound.
Further, there may be some implicit learning involved in the viewing of tongue movements.
In normal audio-visual speech perception, being able to see the lips of a speaker enhances perception, for example in noise (Benoît and Le Goff, 1998 Badin et al. (2010) hypothesise that this is due to a natural, intuitive, capacity for listeners/viewers to tongue-read and suggest that this provides support for a perception/production link which they say could relate to the theory of mirror neurones. Further support for a capacity to tongue-read comes from a recent study by Cleland et al. (2013) looking specifically at whether naïve participants could interpret silent movies of EPG and ultrasound. Again, a capacity to do this at above chance levels was found. Whilst the study offered no firm account of the mechanism by which speakers come to be able to "tongue-read", it does highlight the need to take the contribution of ultrasound displays as a visual articulatory model into account. Gibbon and Wood (2010) highlight the role that observing an action plays in enhancing a motor behaviour and cite mirror neurones as the underlying mechanism by which a person learns a complex motor movement (which speech is). They suggest that studies should make use of this capacity by providing children with speech sound disorders with a visual articulatory model via EPG.
No studies have yet used ultrasound or EPG in this way, but there is great potential to develop a Talking Head based on ultrasound. This has an advantage over models based MRI and EPG as data can be collected quickly and easily from multiple speakers, including children.
Whilst it would be unethical and impractical to compare U-VBF without demonstration/models to U-VBF with it, it would be entirely feasible to construct a randomised control trial where one arm of the trial involved the use of an ultrasound-based visual articulatory model, without biofeedback available. Indeed a recent pilot study (Roxburgh, Scobbie, Cleland and Wood, 2014) found that children with cleft palate did just as well with a visual articulatory model to learn new articulations as they did with U-VBF. However, this study was limited in that it only looked at two participants, both of whom had not had previous therapy to address their speech problems (i.e. they were not 'intractable').
Conclusions
There is growing evidence that Ultrasound Visual Bio-feedback is highly effective in remediating previously intractable speech sound disorders. Our study adds to a growing body of evidence by using U-VBF to treat previously unreported error types in children, particularly velar-fronting.
However, the mechanisms by which U-VBF enhances learning remain unclear. Whilst it is plainly a motor-based therapy, the mechanisms by which clients learn to interpret visual information about tongue movements is not well understood, nor is the likely crucial contribution of accurate articulatory models/demonstration.
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